The Drosophila heat shock genes are highly inducible inhibitor, dramatically reduces the global levels of and provide a well-established system to study tranSer2Ϫ-but not Ser5Ϫ-phosphorylated CTD at acscription and RNA processing. Recent studies showed tively transcribed loci on Drosophila polytene chromothat Drosophila P-TEFb kinase localizes to many actively somes under both normal and heat shocked conditions. results indicate that P-TEFb is likely to be a player in The major defect in expression is at the level of 3 end hsp70 RNA production; however, the mechanisms by processing. A similar but more modest 3 processing which P-TEFb acts and its role at specific other steps defect was also observed for hsp26. We propose that in the activation of heat shock gene expression are P-TEFb phosphorylation of Pol II CTD coordinates not clear. transcription elongation with 3 end processing, and
indicate that P-TEFb plays a direct and positive role in heat shock P-TEFb is Cdk7, the major kinase responsible for Ser5 phosphorylation, the dramatic decrease in Ser2 but not gene expression in vivo and that P-TEFb is a limiting factor for inducible gene expression.
Ser5 phosphorylation indicates that FP is acting specifically on P-TEFb in vivo. To investigate this further, we performed the same experiments using a cdk7 ts fly line at Flavopiridol Inhibits the Kinase Activity of Drosophila P-TEFb In Vitro the nonpermissive temperature to abolish cdk7 activity (Schwartz et al., 2003a) . Combining cdk7 inactivation The RNAi approach is a specific method for reducing levels of P-TEFb, but it has limitations, including incomwith FP treatment results in a near-complete disappearance of Ser2-P and Ser5-P at hsp70 loci 87A and 87C plete depletion of P-TEFb and the long treatments, which create concern over possible secondary effects.
( Figure 3B ). This indicates that Cdk7 of TFIIH and Cdk9 of P-TEFb are the two major serine kinases that phosTo study the consequences of rapid and complete inactivation of P-TEFb on the kinetics of heat shock gene phorylate Pol II CTD. By polytene immunofluorescence using FP-treated, induction, we utilized a very specific, potent, and fastacting human P-TEFb kinase inhibitor, FP (Chao et al., non-heat shocked, salivary glands ( Figure 3C ), we also observed a striking decrease in Ser2-P staining when 2000). Because Drosophila and human Cdk9/CyclinT complexes share high sequence homology and the Dro- we first examined HSF and phosphorylated forms of Pol C] ). The epitopes detected by indirect immunofluorescence with specific antibodies are labeled on each panel. Exposure times for each Ϫ/ϩFP pair were the same except for "Ser2-P" of the "ϩFP" experiment in (A), which is a 10ϫ longer exposure than the corresponding "ϪFP" image. The chromosomes shown are representative examples of a large set of nuclei examined. From 8 to 36 nuclei under each condition were photographed at multiple exposures, and the variation for at least 90% of nuclei was estimated visually to be less than a factor of two. (A) Ser2-P but not Ser5-P forms of Pol II decreases dramatically on heat-induced loci. Major heat shock loci are indicated with thin arrows; only hsp70 loci (87A and C), hsp26 locus (67B), and the hsp70 transgene-inserted locus (59D) are labeled. (B) Ser2-P and Ser5-P decrease dramatically on heat-induced hsp70 loci (87A and 87C as labeled) on polytene chromosomes from cdk7 ts larvae at nonpermissive temperature. The lack of a detectable decrease in Ser5-P staining in the ϪFP larvae may be a consequence of P-TEFb partially compensating for cdk7 activity at the nonpermissive temperature (Schwartz et al., 2003a; Zhou et al., 2000) . (C) Ser2-P form but not total Pol II decreases dramatically on non-heat-induced chromosomes. One of the ecdysone-induced puffs 75B is labeled in the ϩFP images.
an exceptionally long ecdysone-induced transcript, or heat shock conditions ( Figure 3C and data not shown, also Figure 4 ). which is greater than 100 kb and takes well over an hour to transcribe (Thummel et al., 1990) . The short duration of our FP treatment may not be sufficient to eliminate Flavopiridol Decreases the Accumulation of Induced hsp70 and hsp26 RNA the engaged Ser2-P form of Pol II on this gene. To our surprise, we did not see a significant reduction in the The dramatic reduction in Ser2-P at heat shock puffs upon FP treatment provoked us to examine the effect intensity of total Pol II staining at actively transcribing loci in FP-treated glands under either non-heat shock of FP on the induction of heat shock RNA. We treated . We were surprised to find that the total polymerase density, as measured in the whereas rp49 RNA levels are unchanged ( Figure 4B ).
ChIP assay, does not change significantly when P-TEFb kinase activity is inhibited ( Figure 4C ), yet the accumulaThe Effects of Flavopiridol on the Distribution of Pol II and Specific Transcription Factors tion of heat shock RNAs, especially hsp70 RNA, is severely affected ( Figure 4B ). The possibility remained that on hsp70 and hsp26 Genes To examine the FP effect on transcription factor and Pol some of these RNA polymerases measured by ChIP assays may be transcriptionally inactive; therefore, we II recruitment to heat shock genes both quantitatively and at a high resolution, we used chromatin immunopreused the nuclear run-on assay as an independent method to estimate the transcribing polymerase density cipitation (ChIP) assays. We quantified the coprecipitated DNA by real-time PCR, which was normalized to on hsp70 and hsp26 genes ( Figure 4D in what is measured in the two assays. For example, Pol II in FP-treated cells may be more prone to arrest gene (about 10-fold at the 3Ј region), while the Ser5-P on the promoter is not altered and only decreases 2.4-on hsp26 gene, thereby preventing detection by nuclear run-on. The 3-fold decrease of transcribing Pol II on fold on the 3Ј region. There is no significant change of total Pol II or 8WG16-recognized Pol II form associated hsp26 gene could partially account for the observed 5-fold decrease of RNA ( Figure 4B ). with the hsp26 gene, nor is the HSF association altered. A 2-fold decrease of P-TEFb and a 2-fold increase of Spt5 at the hsp26 5Ј promoter region, effects which were Loss of P-TEFb Kinase Activity Does Not Affect the Entry or Progression of Pol II on hsp70 In Vivo not observed for hsp70, may reflect subtle differences in regulatory mechanisms of the two genes. In conclusion, How is the substantial decrease in hsp70 RNA accumulation upon FP treatment reconciled with only a small inhibition of P-TEFb kinase activity dramatically reduced Ser2 phosphorylation of Pol II (and had smaller effects decrease in density of RNA polymerase on the gene? We consider two hypotheses. First, the overall transcription on Ser5 phosphorylation) on heat shock genes but appeared not to significantly change the distribution of Pol process may be slower leading to a slower rate of transcript production even though the density of elongating II itself or other transcription factors tested.
Pol II is largely unchanged. This hypothesis derives from the findings that hyperphosphorylation of Pol II correFlavopiridol Has Only a Modest Effect on the Density of Transcribing Pol II on hsp70 as Assayed lates with its transition to productive elongation (O'Brien et al., 1994) and that P-TEFb can function as a positive by Nuclear Run-On The uninduced heat shock genes have a paused/stalled regulator in production of full-length transcripts (Price, 2000) . Second, because phosphorylated Pol II CTD has Pol II in the promoter-proximal region and the escape the location of transcription units relative to DNA fragments used for hybridization: 5Ј (Ϫ5/ϩ412), "mid" (ϩ1003/ϩ1420), and 3Ј (ϩ1758/ϩ2182) fragments for hsp70, and (ϩ485/ϩ910) fragment for hsp26. We used 1% of the run-on transcripts to probe an rDNA gene, thereby providing a normalization standard, and the rest was used to probe heat shock gene fragments. Background ( 
/A
ϩ ratio for hsp26 RNA ( Figure 6A ). ated with induced heat shock genes, and globally, with loci normally active during development. In contrast, the Before polyadenylation can take place, the primary transcript must first be cleaved at the 3Ј end. To test effect on Ser5 phosphorylation is in general small and is negligible at the promoter region of heat shock genes. the cleavage efficiency in FP-treated cells, we measured the cleaved and uncleaved RNA using DNA probes comOnly when FP treatment is combined with cdk7 inactivation is there a nearly complete loss of both Ser2 and plementary to the 3Ј untranslated region (3Ј-UTR) flanking the normal cleavage site of both hsp70 and hsp26 Ser5 phosphorylation on chromosomes. FP also reduces heat shock gene RNA levels. A dramatic effect genes ( Figure 6C ). We observed that the ratio of cleaved to uncleaved hsp70 RNA (C/U) in the control cells is of FP is seen for the major heat shock gene hsp70, causing a more than 14-fold decrease in hsp70 RNA, 7-fold greater than that in FP-treated cells. Additionally, a moderate depletion of P-TEFb by RNAi results in a which cannot be explained by the small reduction in transcriptionally engaged Pol II on this gene or the undemodest 3Ј cleavage defect of hsp70 RNA (1.8-fold effect, data not shown), confirming this 3Ј processing defect tectable effect on transcription. However, we did observe that this hsp70 RNA reduction coincides with a is specific to loss of P-TEFb activity. The C/U ratio decrease for hsp26 RNA from FP-treated cells is 1.4-fold, lower efficiency of 3Ј end processing. A similar but more modest effect on 3Ј RNA processing was also observed but statistically significant ( Figure 6C ). In summary, the results above show that loss of P-TEFb kinase activity for hsp26 RNA. We propose that P-TEFb phosphorylation of the Pol II CTD mainly on Ser2 allows the assoalters proper 3Ј end processing of both hsp70 and hsp26 RNA, resulting in a clear defect at the level of RNA ciation of 3Ј processing machinery with Pol II, thereby coupling transcription with RNA processing (Figure 7) . cleavage. This failure in processing may lead to its instability and rapid turnover.
Without P-TEFb phosphorylation, inefficient 3Ј end processing results in unstable transcripts that are rapidly degraded. Discussion
P-TEFb is rapidly recruited to heat shock loci following P-TEFb and Transcription
Productive transcription is concomitant with hypergene activation (Lis et al., 2000) . Here, we demonstrated that P-TEFb functionally contributes to Drosophila heat phosphorylation of Pol II CTD (Dahmus, 1996; O'Brien et al., 1994), but the contributions of CTD phosphorylashock gene expression at multiple levels. Inhibiting P-TEFb kinase activity in vivo with a highly potent, fasttion to the numerous steps of mRNA production need to phorylation than other less densely transcribed genes. In addition, FP-treated cells still have residual levels of Ser2 phosphorylated Pol II CTD (Figures 3 and 4) . This, along with the nearly normal levels of Ser5 phosphorylation, may be sufficient for Pol II progression on hsp70. Also, other transcription factors could be acting redundantly with P-TEFb in vivo. In vitro transcription assays showed that Tat activator can stimulate human P-TEFb phosphorylation of both Pol II and Spt5 (Ping and Rana, 2001) . Interestingly, when P-TEFb activity is inhibited, the amount of Spt5 on hsp70 is not significantly affected, which is consistent with the fact that Spt5 can interact with both Pol IIa and IIo ( We found that inhibition of P-TEFb kinase activity has similar effects on both hsp26 and accompanying article that a ctk1⌬ mutant causes a reduction of Ser2-P and defects in 3Ј processing and rehsp70 gene expression in terms of the large decrease in RNA accumulation, the large decrease in Ser2-P level cruitment of 3Ј processing factors, but has no effect on the recruitment of Pol II and elongation factors in yeast of Pol II CTD, the small decrease in Pol II density, and the defects in 3Ј RNA processing. The quantitative differ-(Ahn et al., 2004). We propose that during hsp70, and to some extent hsp26, gene expression, phosphorylaences may reflect different degrees of reliance on P-TEFb for transcription and RNA processing in vivo, tion of Ser2 by P-TEFb is critical for efficiently recruiting 3Ј processing machinery and/or directly participating in with hsp26 more dependent on P-TEFb for generating a high density of transcribing Pol II, and hsp70 more the 3Ј cleavage and polyadenylation reactions ( Figure  7) . While this coupling model is attractive, we can not dependent on P-TEFb for RNA processing. Previous in vitro transcription experiments using a mammalian rule out that P-TEFb directly regulates the recruitment and activity of processing machinery, since some of the CMV-driven DNA template indicated that FP slowed the elongation rate of RNA Pol II (Chao et al., 2000) . This is processing factors have been shown to be regulated by phosphorylation (Bond et al., 2000) . different from what we saw for hsp70, which may reflect the differences between the two genes and between
The more efficient 3Ј end processing of hsp26 than hsp70 RNA in P-TEFb-inhibited cells implies that prothe in vitro and in vivo systems. Recently, it has been shown that, in a prokaryotic system, cooperation becessing events on hsp26 For experiments involving FP inactivation of P-TEFb, salivary glands oligonucleotides are described in the Supplemental Data (available from the third instar larvae were dissected in 50% Grace's insect online at http://www.molecule.org/cgi/content/full/13/1/55/DC1). FP cell media (Invitrogen) and incubated in the media containing 500 (Aventis, Inc., Bridgewater, NJ) was dissolved in water to make 10 nM FP for 20 min. Glands were then heat shocked for 10 min at mM stock, stored at Ϫ70ЊC, and diluted in water before use.
36.5ЊC in saran wrap. Next, the glands were processed as described (Schwartz et al., 2003b) . Primary antibodies were used at 1:50 diluProtein Expression and Purification tions for H14 (Ser5-P), H5 (Ser2-P), HSF, and GAF and 1:20 dilution The pBAC-DmP-TEFb construct was used to transfect Sf9 cells to for total Pol II. Appropriate secondary donkey antibodies conjugated make recombinant baculovirus using the BacVector-1000 Transfecto either Rhodamine Red X or Cy2 labels (Jackson ImmunoResearch tion Kit (Novagen). P-TEFb was purified as described (Peng et al., Laboratories, West Grove, PA) were used at 1:500, and images were 1998) except without the Mono Q purification step. The MBP-dSpt5 collected as described (Schwartz et al., 2003b ). C-terminal domain fusion protein and MBP-dCTD were expressed and purified as described (Andrulis et al., 2000) .
Chromatin Immunoprecipitation Kc cell culture was treated with FP at the final concentration of 500 In Vitro Kinase Assay nM or the same volume of water for control at room temperature Kinase assays were performed as described (Marshall et al., 1996) for 15 min with gentle stirring. Both control and FP-treated cells with some modifications. P-TEFb (25 nM) was mixed with no or were subject to various periods of heat shock at 37ЊC in parallel. various amounts of FP in kinase reaction buffer (20 mM HEPES [pH For the 5 min heat shock, the flasks were placed in a 42ЊC water 7.6]/5 mM MgCl 2 /55 mM KCl) and incubated at room temperature bath to bring the temperature up to 37ЊC within 1 to 2 min, which for 10 min, and then protein substrate (240 nM) was added. The was monitored by thermometers in the cultures. Then, the flasks reaction was initiated by adding ATP (10 M cold ATP mixed with were immediately moved to a 37ЊC water bath for 5 min. The culture 10 Ci of [␥-32 P] ATP, NEN Life Science Products) at room temperawas cooled down quickly on ice to room temperature (23ЊC) for ture for 10 min. The reactions were stopped by adding SDS loading crosslinking, which was done immediately thereafter. The 2 min heat buffer and analyzed on 10% SDS-PAGE. Signals were detected shock was done similarly as described (Boehm et al., 2003) . Equal by a Storm 840 PhosphoImager and analyzed with ImageQuant volume of hot media prewarmed at 51ЊC was added to the room software (Molecular Dynamics). temperature cultures (23ЊC) to bring the temperature up to 37ЊC, and the flasks were put in 37ЊC water bath for 2 min. Crosslinking, RNA Interference immunoprecipitation, and real-time PCR were done as described The dsRNA production for Cdk9, CyclinT, HSF, and ␤-galactosidase (Boehm et al., 2003). was done as described (Clemens et al., 2000) . Drosophila Kc cells (1 ϫ 10 6 ) maintained in 2 ml of serum-free HyQ-CCM3 media (Hyclone Laboratories, Inc.) were added to each well of 6 well cell Nuclear Run-On Analysis The nuclear run-on assays were done as described (Schwartz et culture dish (Corning) and 30 g of dsRNA was added. The cell-RNA mixture was incubated at room temperature for a total of 3 al., 2003a).
